Background: Recent studies suggest the importance of distinguishing severity levels of disability. Nevertheless, there is not yet a consensus with regards to an optimal classification. Objective: Our study seeks to advance the existing binary definitions towards categorical/ordinal manifestations of disability. Methods: We define disability according to the WHO's International Classification of Functioning, Disability and Health (ICF) using data collected at the baseline wave of the English Longitudinal Study of Aging, a longitudinal study of the non-institutionalized population, living in England. First, we identify cut-off points in the continuous disability score derived from ICF to distinguish disabled from nodisabled participants. Then, we fit latent class models to the same data to find the optimal number of disability classes according to: (i) model fit indicators; (ii) estimated probabilities of each disability item; (iii) association of the predicted disability classes with observed health and mortality. Results: According to the binary classification criteria, about 32% of both men and women are classified disabled. No optimal number of classes emerged from the latent class models according to model fit indicators. However, the other two criteria suggest that the best-fitting model of disability severity has four classes. Conclusions: Our findings contribute to the debate on the usefulness and relevance of adopting a finer categorization of disability, by showing that binary indicators of disability averaged the burden of disability and masked the very strong effect experienced by individuals having severe disability, and were not informative for low levels of disability.
Introduction
A large body of research on the conceptualization and measurement of disability has been published, accompanied by reviews of alternative disability models (with corresponding measurement methods 1 ) and studies of the methodology for the measurement of disability. The challenges faced in this field derive from the fact that disability is often measured by self-reported responses to survey questions, 2, 3 with problems including the wording of the questions, the time periods for which disability is reported, and the difficulties in administering surveys (see for example Freedman, 4 Jette 5 ). On the other hand, the challenge of coding survey data in studies of disability, and of choosing between binary or more refined classifications of disability has received remarkably less attention. At the same time, the relevance of identifying meaningful classification of disability is becoming clearer, while there is no general consensus in the literature with regards to the optimal number of disability grades/levels. For example, a recent study set in the UK 6 and studying trends in disability-free life expectancy has shown that the increase in number of years with any disability was higher for periods with mild disability than for those with moderate or severe disability. This suggests how important it is to distinguish different levels of severity of disability when assessing disability and mortality trends. Another example is the recent study of Wolf and colleagues (2015) 7 that identified three distinctive trajectories of disability, which differed with respect to their pace of decline. The authors acknowledged as a limitation of their work that they relied on a binary definition of disability and that a more finely graded measure might have led to different trajectories. An attempt to categorize disability by severity level was made by Manton and Gu (2005) . 8 They identified, among the older US population, six groups with distinctive aspects of disability ranging from active to frail and a seventh group comprising of nursing home residents. By looking at disability trends over seventeen years, the authors claimed that simply considering the 'per annum decline in chronic disability in the US elderly population (..) masks variation in per annum changes in the prevalence of disability and institutionalized residents' (Manton and Gu (2005) , p.32 8 ). Changes were found to be different across disability categories and by identifying where they occurred, the authors calculated changes in Medicare costs and related savings in population shifts from a severely disabled category to the non-disabled group. The lack of equivalent evidence for the UK and, more generally, the scarcity of studies on more refined disability classifications, along with the potential policy relevance of addressing this gap, have motivated our work. Although the correct balance between the need for identifying a more refined disability grouping and the risk of over-classification is not easily achievable, this paper attempts to explore the advantages and disadvantages of binary versus multi-categorical classifications, by examining their discriminant power in terms of different health outcomes.
This study seeks to (1) produce binary and multi-categorical classifications of disability; (2) identify an optimal number of categories of disability using alternative criteria; (3) examine whether a multi-categorical classification may be advantageous compared to a binary.
To do so, we first measure disability as a continuous score and ask "How severe does continuous disability need to be for a person to be classified as disabled?". The rationale for finding a threshold for a binary classification, comes from the need for summarising the information, for example to provide population estimates of disability prevalence.
Splitting the population into two categories, however, may be too simplistic. Therefore, the second question we ask is "Would a finer classification of disability better capture clustering of disability items and of heterogeneity in later disease and mortality rates?". To answer this question, we identify boundaries among categories of disability severity in terms of their association with health function and mortality, adopting a similar approach as the one adopted by Serlin and colleagues 9 who delineated different levels of cancer pain severity. The rationale behind assessing the association between disability and selected health outcomes was derived from three hypotheses about why people with disabilities may have poorer mental and physical health than their nondisabled peers. First, the experience of living with a disability could lead to mental health problems and worse physical conditions; second, people with mental and physical health problems could be more likely to subsequently become disabled; and third, other factors, such as socioeconomic circumstances, might independently increase the risk of disability and mental ill health. Given that we measure disability at baseline and health outcomes over the course of the following ten years, we mainly explore the first hypothesis, supported by evidence on the association between disability and mental health, 10 as well as studies investigating the association between physical disability (or physical activity) 11, 12 and muscle strength and quality and functional limitation. To address these research questions, we rely upon the WHO's conceptualization of disability as defined in the International Classification of Functioning, Disability and Health (ICF), 13 and use a common set of disability items selected according to the ICF conceptual framework to derive first a continuous score of disability and relative cut-off points, and then to derive a multi-categorical disability summary performing latent class analysis (LCA).
Material and methods

Data source and sample
This study used data drawn from the English Longitudinal Study of Ageing (ELSA). Briefly, ELSA is a longitudinal study of the noninstitutionalized population, living in England, who were aged 50 years or older at the time of interview. 11,391 core-member respondents were recruited at wave one in 2002/2003. For our analysis, we included all participants who had complete records on all disability items at wave 1, leaving us with a sample of 9715 (in the Appendix, section A, we justify this choice). We take advantage of the longitudinal nature of the study and also use outcome measures from the following five waves of the survey, i.e. up to 2010/2011. A detailed description of the ELSA cohort profile has been released recently. 14 
Measures
Disability
Variables describing disability were chosen according to the WHO's ICF framework. In this study we rely on the screening and selection carried out in a previous work. 15 There, a total of fifty items was selected to model disability. Briefly, body function and structure were measured using variables such as self-rated eyesight and hearing, chronic conditions such as high blood pressure and arthritis, and questions about pain; activity limitations were measured through activity of daily living (ADLs) and mobility functions; instrumental activities of daily living (IADLs) and various limitations due to health problems, such as in working, were selected for assessing participation restrictions. Variables were all either dichotomous (i.e. yes/no answer) or ordered categorical. A detailed description of the items and selection process is available elsewhere. 15 
Health measures and death
Information on deaths that occurred from 2002 to 2011 was freely available, and for respondents who gave their consent to link their data to the National Health Service Central Register (NHSCR) time of death by year was also disclosed.
A number of health indicators were considered and selected to cover different spheres of health, including measures of mental health and anthropometric measures for physical domains. Here we present one outcome for each group, although analyses were replicated for more indicators and are available upon request. Mental health function was measured at every wave using eight items of the CES-D scale and treated as a continuous variable ranging from 0 to 8. Anthropometric measurements for physical functioning were assessed during the nurse visits, which took place every two waves, i.e. the second, fourth and sixth waves. Physical functioning was assessed through grip strength in the dominant hand and was estimated by the average of three measurements done using the Smedley dynamometer.
Confounders
When assessing the association of disability with mortality and selected health outcomes, we controlled for a number of confounders, all of them measured at wave 1. We only considered these early measures to avoid the issues arising from later values of these confounders lying on the causal pathway between disability and mortality: controlling for them would remove some of the association between exposure (disability) and outcome. 16 The confounders in the model included demographic characteristics such as ethnicity, marital and parental status and household size; socioeconomic position measured through income, wealth, occupation and education; health-related behaviours including smoking, drinking and physical activity; and the presence of limiting longlasting illness and socioeconomic background represented by father's occupation when respondents were fourteen.
Analysis
The methods used are presented in separate paragraphs, according to the research question they address. All analyses were carried out separately for men and women.
Binary disability
In order to capture disability as a binary variable, we used the continuous score estimated in our previous study from the battery of 50 items described above using a latent variable measurement model. A full description of the model is available elsewhere. 15 Here we intended to find a threshold in this continuous score that optimally discriminates disabled and non-disabled individuals.
To do so, we adopted two approaches:
1. We follow the WHO's strategy 13 and replicated the WHO's approach looking at the average disability score observed among those reporting at least one limitation in any of the six disability questions selected by the Washington Group (WG).
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The six disability domains identified as crucial by the WG include problems in seeing, hearing, walking or climbing steps, remembering or concentrating, washing all over or dressing and communicating, for example understanding or being understood. 2. We used the Receiver Operating Characteristic (ROC) methods 18 to assess the agreement of our score with an external gold standard. The external gold standard we chose consists of receiving health or disability benefits. The cut-off in the continuous disability score was then chosen using two alternative criteria 19 known as the point on the curve closest to the (0, 1) (where specificity ¼ 1 and sensitivity ¼ 1), and the Youden index.
The disability prevalence resulting from these approaches were then compared with national statistics on the proportion of disabled people in the UK in 2002. National data were collected in the General Lifestyle Survey. 20 
Multi-categorical disability
To produce categorical measures of disability, LCA was performed, using all 50 binary and categorical variables previously identified as indicators of disability. An individual is assigned to be member of a class according to his/her highest probability of being in that class, even though an individual may have several classes to which he/she is a partial membership. 21 We explore models with two through six latent classes of a latent variable (the algebraic notation is available in the Appendix, section B). The choice of the number of classes, i.e. of best-fitting model to represent categorical disability, is based on three sets of criteria. The first set consists of statistical indicators, including entropy, the Bayesian Information Criterion (BIC) and the bootstrap likelihood ratio test (BLRT). 22 The second set of criteria consisted of comparisons of each model's estimated probabilities of endorsing a disability item across classes and the assessment of whether they highlight informative differences. The third criterion used external validation of each model's predicted disability classes in terms of their association with mortality and health, as explained in the next paragraph.
Association of disability with mortality and health
We considered the association between each version of categorical disability, i.e. with classes from two to six classes, and each of the following outcomes: mortality by 10 years since entry, and the longitudinal trajectories of grip strength and mental health.
Association between disability and mortality was assessed using discrete-time survival analysis (DTSA) through pooled logistic regression models, 23 with measures of effect expressed as odds ratios.
The association with health outcomes was parameterised using latent growth models (LGM). 24 Fig . 1 illustrates the conceptual model of the association of latent categorical disability and mental health observed at each wave (i.e. six-time points) selected here as an illustrative outcome, controlling for all confounders (age and all the demographic and socioeconomic variables described in the previous section). The algebraic notation to express the top part of Fig. 1 (i.e. latent growth model) can be found in the Appendix, section C. Equivalent models were fitted for all the other health outcomes. Missingness in outcome observations was assumed to be missing at random (MAR) and maximum likelihood estimation was used. This means that we assume that missingness in outcome data was explained by observed outcomes at other waves and the variables included in the model. These variables however also suffer from missingness; for this reason, we only include respondents that have complete confounder and exposure data.
Results
Sample characteristics
Of 9715 total participants included in the analyses, 54% were women, and the overall average age was 64 years (64.4 and 64.8 for men and women respectively). Over the course of the study (from 2002 to 2011), 21% of males and 16% of female respondents died corresponding to 1775 respondents in total. Of the 50 disability items, women had higher prevalence than men in almost all variables, with the exception for example of difficulty in communicating and being engaged in social activity. Prevalence of all disability indicators by gender are available in Appendix Table A1 and details on summary statistics of health outcomes data across waves are available in Table 1 .
Binary disability
According to national statistics for the 45 þ UK population in 2002, 32.8% of men and 32.9% of women have disability. 20 The continuous disability score developed in a previous work 15 ranged from À1.71 to 2.85 among men and from À1.85 to 3.42 among women (see Fig. 2 ). The average score among women was 0.08 and 0.09 among men.
To reproduce the WHO's strategy for finding the disability cutoff, we estimated first the proportions of respondents reporting at least one limitation in the six WG activities. 62.4% of men and 60.7% of women were found to have at least one limitation in the six WG activities. The mean disability score among the respondents belonging to this group was 0.44 and 0.47 for men and women respectively. Setting the cut-off point at these values led to 31.5% of male respondents and 31.7% of female respondents being classified as having disability.
When we used ROC analysis to set the threshold for distinguishing disabled and non-disabled individuals, we found that the cut-off for men was 0.51, according to both criteria, i.e. the Youden index and minimization of r. For women, the cut-off was 0.50 when using the minimum value of r and 0.58 based on the Youden index. According to these values, 29.2% of male respondents and either 30.3% -according to Youden index-or 27.9% -according to minimum value of r-of women were considered disabled.
A graphical summary of these results is provided in Fig. 2 . It shows the distribution of the continuous disability score by gender and the cut-off points obtained using the two approaches (with two results presented when using the ROC method for women).
Categorical disability
Latent class models were fitted separately by gender; their fit indicators are presented in Appendix (Table A2) . Overall, all models had entropy higher than 0.88, indication of good allocation quality for both for men and women. For both genders, the highest entropy was observed in the model with three classes, whilst the lowest BIC was in the 6-classes model. When assessing the BLRT, problems with local maxima occurred, therefore BLRT was not used as a criterion for model selection. The proportions of respondents assigned to different categories of disability by each model are reported in Table A3 in the appendix. The estimated probabilities of a positive item response for each disability class provide a first description of each disability class. They are illustrated below in Fig. 3a and b for 3-class and 4-class models and available in Appendix for 5-class and 6-class models (Fig. A2) . These probabilities were quite distinct across disability groups in the 3-class model both for men and women. We labelled the category with lowest probabilities "no disability", the intermediate "mild disability" and the group with highest probability "severe disability". The largest differences were found for the items concerning pains and mobility, such as walking a quarter of mile, or climbing stairs. In the 4-class model, categories were labelled as "no disability", "mild disability", "moderate disability" and "severe disability". "No disability" and "mild disability" overall presented similar estimated probabilities, but some differences were still noticeable among impairment items. "Moderate disability" had higher estimated probability than "no disability" and "mild disability" for all items, and the largest differences were observed, again, for some of the impairment variables, such as having pain, and in the mobility items. Severe disability had the highest estimated probabilities for all items and the gap with moderate disability was particularly large with regards to the activity domain as well as for items describing participation. In models with five and six classes (see Appendix, Fig. A2 ), the groups having the lowest levels of disability (i.e. groups 1, 2 and 3) tended to have very similar estimated probabilities, suggesting that there was not much difference in the endorsement of disability items among these groups.
Association of alternative specifications of disability levels with health and mortality
Before showing whether alternative specifications of disability appear to explain some outcome variation over time and in which direction, we briefly present the results of the association of each alternative specification of disability measured at baseline with health outcomes measured at wave 6; corresponding tables by gender are available in the appendix (Table A4) . We use this analysis as a preliminary step to see whether disability affects health measured after a ten-year lag, regardless of how this relationship changed over this interval, to facilitate the interpretation of the results from the LGM presented below. In synthesis, there seemed to be a severity gradient, where those belonging to the most disabled group performed the worst compared to non-disabled, but the number of significant disability levels strongly varied depending on the outcome considered. Table 2 shows the association of binary and multi-categorical specifications (i.e. 3-class and 4-class models) of disability with the estimated growth parameters of selected outcomes, controlling for the complete set of confounders, while model estimated means of latent growth factors and the results for 5-class and 6-class models are available in the appendix (Tables A5 and A6 respectively). Binary disability (however specified) (first three rows) was associated with a significant worse intercept (i.e. mean outcome at baseline) for disabled versus not disabled men and women. The trajectories of grip strength in women as well as the trajectories of mental health in men appeared to converge with those of nondisabled ones, as shown by the opposite sign of the disability effect on the intercepts and slopes estimated in the growth model.
To assess the existence of a severity gradient of disability, we looked at multi-categorical disability and observe whether there was evidence of heterogeneity or linearity of associations. A disability gradient was found both in the 3-class and 4-class models. In the 3-class model, at baseline (as measured by the intercept coefficient estimated in the LGM) those having mild and severe disability presented lower grip strength, higher mental health problems and higher probability of dying compared to nondisabled, with the disadvantage being larger for those suffering from severe disability. In the 4-class model, all disability categories presented worse health conditions and higher odds of dying at each time point compared to no disability. The size of the intercept coefficients of moderate disability in the 4-class model was close to that of mild disability in the 3-class model. Results for 5 and 6-class models are available in the appendix and overall indicate that the intercepts and slopes of all outcomes among individuals assigned to disability groups 2 and 3 were not significantly different from those assigned to group 1 (i.e. no disability), and for higher severity of disability groups, the differences in grip strength, mental health at the first wave and odds of dying relative to non-disabled group was progressively larger as disability increased (intercept coefficients).
Therefore, comparing the results of the growth models for each disability specification, we observe that estimates for binary disability in terms of size were in between the coefficients observed for mild and severe disability in multi-categorical disability. Intercept coefficients of the association between mild disability in the 3-class model and each outcome were very close to those of moderate disability in the 4-class model; and intercept coefficients of severe disability in 3-class and 4-class models were close to each other. The lowest disability group in the 4-class model (i.e. mild disability) presented significant worse health and mortality conditions Fig. 3 . a Probability of each disability item estimated by the 3 and 4-class models, men. b Probability of each disability item estimated by the 3 and 4-class models, women.
compared to no disability group, but the disadvantage was smaller than in the other disability groups. Such a small but significant disadvantage was not captured when identifying only 3 categories of disability.
Finally, regarding the rate of change over time, as captured by the slopes, in most cases multi-categorical definitions of disability did not seem to identify significant differences in changes in health conditions over time. In the few cases where there was evidence of association, we observed a 'protective effect' of disability, where the worsening of the condition was slower among disabled -whatever the level of disability was-compared to their non-disabled counterpart, indicating a convergence of the trajectories over time.
Discussion
In this paper we sought to examine whether a finer classification of disability in the 50 þ English population may be useful for both descriptive and health policy planning purposes. To the best of our knowledge, this is the first study attempting to identify categories of disability based on empirical evidence, rather than upon a priori theoretical classification, for the English population. Along with the identification of the most adequate number of disability categories, the results produced in this study also help to understand the relevance of classifying disability correctly and describe the main characteristics of each category. Our conclusion suggests that the best classification of disability consists of four classes. While acknowledging that some arbitrariness and subjectivity affect this conclusion, there are also multiple sources of evidence lending support to our decision. Below we elaborate why we think that the optimal number of disability levels is four and discuss why it is important to go beyond a binary definition of disability.
The optimal number of disability classes was chosen based on: (i) fit indices; (ii) estimated probabilities of disability items conditional on class membership; and (iii) external validation based on the association of disability classes with health and mortality. The first criterion did not point to a preferred model. When we looked at probabilities of endorsing disability items for each class, some evidence for making a decision emerged. We wanted to identify as many grades of disability as each group presented a different probability of having problems with each disability item. The support to the 4-class model came considering and comparing all the class models, and therefore observing that in the 5 and 6-class models four patterns appeared, and with 4 classes the distinction between the two lowest levels was small, but still appreciable. The third criterion confirmed this conclusion by showing the existence of a disability gradient associated with mortality and health consisting of four levels of disability. The identification of three categories of disability and a no-disability group (i.e. 4-class model) enabled us to capture the strong effect of severe disability as well as the intermediate impact of moderate disability, and also the small but significant disadvantage in health and mortality experienced by those affected by mild disability compared to the non-disabled. This small but significant effect experienced by the mildly disabled had a correspondence in the finding that the item profiles of non-disabled and mildly disabled in the 4-class model were very similar to each other, but with some appreciable differences, especially in the sensory functions in the impairment domain. Therefore, our results suggest that the best classification of disability has four classes, consisting of "no disability", "mild disability" which presents characteristics more similar to no disability than the other disability levels, and "moderate" and "severe disability". In the introduction, we pointed out the relevance of going beyond a binary definition of disability, and mentioned recent studies 6, 7 that have stressed the importance of identifying more finely graded measures of disability. Our findings contribute to this debate by showing the loss of information due to too broad categorizations of disability, compared to a more refined scale of severity. Using the 4-class model as a reference, we observed that the magnitude of the association between binary disability and all outcomes lied in between the results observed for the groups suffering from the most severe disability (moderate and severe). In the growth model for the relationship between disability and health outcomes, the intercept coefficients of binary disability were just slightly higher than the intercept coefficient of moderate disability. The binary indicator averaged the burden of disability and masked the very strong effect experienced by individuals having severe disability, and was not informative for low levels of disability. As shown by Jagger et al. (2015) , 6 life expectancy with mild-disability is expanding, meaning that the number of years expected to be lived in mild-disability is increasing over time and the proportion of life expected to be lived without mild disability has decreased. If adequate grades of severity are not identified, it is not possible to monitor low disability, and equally it is impossible to assess the strong impact of severe disability. Finally, we report some limitations that affect this work. First, we used estimated probabilities of class membership as a covariate in regression analysis and this ignores misclassification error. Various 3-step methods have been proposed to account for this. 25, 26 We acknowledge this here, but it was beyond the scope of this work to explore in details this technical aspect. Moreover, the fact that entropy was high and adequate separation between the identified latent classes was found suggests that results would be very similar. Second, while latent variable modelling was in many respects a natural approach to measure disability, one issue is that it is data dependent which asks for further research to compare findings across different settings. A possible step to validate our results would be to replicate the analysis using the ELSA's sister studies, such as the Health and Retirement Study (HRS), Survey of Health, Ageing and Retirement (SHARE), which offer a substantially similar set of variables and are targeted on the same type of population of ELSA (adults aged 50þ) but in other countries. Lastly, we mention a feature of the study which limits the interpretation of results and calls for future research. While we investigated the association between disability and health outcomes to assess the grades of disability, we came across interesting results, especially concerning the effect of disability over time. Particularly unexpected was the finding that in some cases the health status of disabled individuals seemed to deteriorate at a slower pace compared to their non-disabled counterparts (where slope coefficients were significant and with opposite sign compared to intercept coefficients). We hypothesize that it may be due to the fact that non-disabled people are more likely to become disabled over time, and this would explain why slope coefficients were significant and suggesting a protective effect of disability especially among the most disabled group, which cannot become any more disabled, and therefore the impact of their level of disability at baseline on health and mortality over time is more likely to remain the same. The nature of the data limits a more detailed investigation of this finding, and most research on the association between disability and anthropometric measures for physical domains and mental health is cross-sectional limiting the conclusions that can be drawn about causality. This opens the doors to further research to robustly explore our hypothesis, for example treating disability as a time varying variable and observing its trajectory and its impact on health.
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